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Abstract
We employ Gaia DR2 proper motions for 151 Milky Way globular clusters from Vasiliev
(2019) in tandem with distances and line-of-sight velocities to derive their kinematical properties.
To assign clusters to the Milky Way thick disk, bulge, and halo we follow the approach of
Posti et al. (2018) who distinguished among different Galactic stellar components using stars’s
orbits. In particular, we use the ratio Lz/e, the Z projection of the angular momentum to the
eccentricity, as population tracer, which we complement with chemical abundances extracted
from the literature and Monte-Carlo simulations. We find that 20 globular clusters belong to
the bar/bulge of the Milky Way, 35 exhibit disk properties, and 96 are members of the halo.
Moreover, we find that halo globular clusters have close to zero rotational velocity with average
value < Θ > =1± 4 km s−1. On the other hand, the sample of clusters that belong to the
thick disk possesses a significant rotation with average rotational velocity 179 ± 6 km s−1. The
twenty globular clusters orbiting within the bar/bulge region of the Milky Way galaxy have
average rotational velocity of 49 ± 11 km s−1.
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1 INTRODUCTION
The study of kinematical properties of the Milky Way globular clusters (GCs) has a long tradition.
One of the most important step in understanding the nature of the globular cluster system was done
by Zinn (1993) who suggested a cluster classification based on the horizontal branch morphology
and chemical abundances. Zinn (1993) found that the metal rich globular clusters ([Fe/H] > −0.8)
are confined to the bar/bulge and to the disk of the Galaxy, while the metal-poor globular clusters
([Fe/H] ≤ −0.8) are generally located in the Galactic halo. Later on, Mackey & Gilmore (2004)
used Zinn’s (1993) classification and compared the cluster properties with those in the Large and
the Small Magellanic Clouds concluding that all young globular clusters and 15 -17 percent of the
old ones are of external origin.
More recent progresses in understanding the structural properties of the Milky Way galaxy come
from the Gaia space mission. The recently released Gaia DR2 catalog Gaia Collaboration (Helmi
et al., 2018) allowed to make significant progress in understanding the nature and the origin of
the Milky Way globular cluster system. Gaia collaboration (Helmi et al., 2018) determined proper
motions of seventy five globular clusters. In the subsequent paper Posti & Helmi (2019) used
the Gaia Data Release 2 proper motions catalog of 75 globular clusters and measurements of the
proper motions of another 20 distant clusters obtained with the Hubble Space Telescope, and
determined the kinematical properties of the globular clusters in the Milky Way galaxy. Posti &
Helmi (2019) followed up an earlier work by Binney & Wong (2017), and described the population
of the Milky Way globular clusters by the two-component distribution function that describes a
flat, rotating disk and a spherical extended halo. Compared to the paper of Binney & Wong (2017),
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Posti & Helmi (2019) used larger data set, and varied the mass of the dark matter halo and its
shape. Vasiliev (2019) published the proper motion catalog of 151 Milky Way globular clusters
with estimated uncertainties smaller than 0.1 mas yr−1 for most objects. Catalog of Vasiliev
(2019) complements the measurements provided by the Gaia collaboration (Helmi et al.,2018) and
HST-based determinations Sohn et al. (2018), and is in excellent agreement with both.
Vasiliev (2019) compared his results with the ground based measurements, and found that
they are not only much less precise than the space-based ones, but often deviate from the space-
based determinations by a far larger amount than implied by the quoted uncertainties. Combining
proper motion measurements with the distance and and line-of-sight velocity measurements from
the literature, Vasiliev (2019) found that within inner 10 kpc the population of the globular clusters
has a mean rotational velocity of 50 –80 km s−1 with nearly isotropic velocity dispersion about 100
– 120 km s−1.
Baumgardt et al. (2019) re-derived the mean proper motions and space velocities for 154 Milky
Way globular clusters using a combination of the Gaia DR2 proper motions and ground-based line-
of-sight velocities of individual member stars. Mean proper motions of Baumgardt et al. (2019)
are in a good agreement with measurements of Gaia Collaboration (Helmi et al.,2018) and with
Vasiliev’s (2019) measurements, and also are in a good agreement with the proper motions derived
by Sohn et al. (2018) from HST data if the systematic error of 0.10 mas yr−1 in the Gaia proper
motions is taken into account.
Good quality kinematical data of nearly all known globular clusters of the Milky Way galaxy allow
one to address the problem of assigning them to different Milky Way components. A number of
recent papers have been devoted to the problem of classification of GSc and the understanding the
their origin (Myeong et al. 2019; Massari et al., 2019; Piatti, 2019; Horta et al., 2020; Forbes, 2020;
Perez-Villegas et al., 2020).
The investigation of Massari et al. (2019) is particularly relevant here. This work essentially
provides a solution to the problems of the separation of GCs into the subsystems of the Galaxy,
and, most importantly, answers the question about the origin of the halo GCs. To separate the
GCs between internal (in-situ) and external (ex-situ), the authors use various dynamical properties,
namely, orbital parameters like the apocenter (apo), maximum height from the disc (Zmax), and
the orbital circularity parameter Circ. The latter parameter is defined as Circ = Lz/L
circ
z where Lz
is the Z-component of the angular momentum of the cluster, and Lcircz is the angular momentum
of the cluster placed on the circular orbit with the same total energy. Combination of these three
parameters with the age-metallicity relation allowed to solve the problem of the separation.
In this paper we readdress the problem of defining globular clusters membership to Milky Way
different components, – the bar/bulge, the disk, and the halo only on the basis of the dynamical
properties of the clusters. Basing on the clusters orbit parameters such as apo and Zmax, we first
select those clusters that belong to the bar/bulge of the Milky Way and to its halo similar to how
Massari et al. (2019) did. To separate the globular clusters within the thick disk region of the
Milky Way galaxy into the disk and halo fractions, we use instead of the circular parameter Circ
the distribution of the clusters on the ratio of the Z projection of the angular momentum of the
clusters to their eccentricity e, Lz/e, and demonstrate that this quantity allows us to distinguish
clusters that belong to the halo and to the thick disk effectively.
In detail, the goal of this paper is to study the properties of the globular cluster subsystems
based on the dynamical properties of the their orbital parameters and to test the proposed criterion
using accepted models of the Galactic potential.
The paper is organised as follows. In Section 2 we describe available kinematical data, and derive
spatial velocity components of the globular clusters in the Galacto-centric coordinate system. In
this Section we also describe the Galactic potential models (both axisymmetric and barred ones),
and perform orbit integration of the clusters. Section 3 is devoted to a new method for separat-
ing globular clusters into Galactic subsystems, an analysis of the kinematic characteristics of the
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resulting subsystems, and a comparison of our results with the results of Massari et al. (2019).
Section 4 is devoted to testing the separation algorithm against different potential models. Section
5 discusses results of the separation in a barred potential with different bar rotational velocities.
In Section 6 we add metallicity properties of the globular clusters to support our findings. Finally,
section 7 summarises our main results. The Appendix contains several tables with clusters’ orbital
parameters.
2 Galactic potential model and Globular Clusters orbits
Globular clusters are distributed over a wide range of distances. To integrate their orbits one
needs therefore a model of the Milky Way potential reliable in a wide range of distances from
the Galactic center out to the very distant halo. Bajkova & Bobylev (2016, 2017) specified the
parameters of a few models of the Milky Way galaxy. They assumed that the potentials of the
disk and of the bulge are described by the Miyamoto & Nagai (1975) and the Plummer models,
respectively, while for the halo potential they adopted the models of Allen & Santillan (1991),
Wilkinson & Evans (1999), Navarro, Frenk & White (1997), the spherical logarithmic potential
of Binney (Binney & Tremaine 1987), the Plummer sphere, and the Hernquist (1990) potential.
To fix the parameters of the models, Bajkova and Bobylev (2016, 2017) used observational data,
covering galactocentric distances up to 200 kpc. Within 20 kpc, Bajkova and Bobylev additionally
constrained the models by the line-of-sight velocities of the molecular clouds in their tangential
points and by the kinematical data for 130 masers with known trigonometric parallaxes. At larger
distances, Bajkova & Bobylev (2016, 2017) took into account the rotational velocities of the objects
taken from the catalogue of Bhattacharjee et al. (2014). Adjustment of the parameters of the
Galactic potential was done also by taking into account the local density of the Galactic disk
ρ⊙ = 0.1M⊙ pc
−3 and the value of the force per unit mass perpendicular to the Galactic plane
Kz=1.1/2piG = 77M⊙pc
−2. Bajkova & Bobylev (2026, 2017) find that model of Navarro, Frenk &
White (1997) (NFW) gives the smallest residuals in the least square fit of the rotation curve of the
Galaxy. Therefore, we use the NFW model, modified by Bajkova & Bobylev (2016, 2017) of the
Galactic potential to integrate the orbits of the globular clusters. We refer to this potential with
the acronym NFWBB.
The axisymmetric gravitational potential of the Galaxy is a superposition of the potentials of
the three main components: the central spherical bulge, Φb(r(R,Z)) the disk, Φd(r(R,Z)), and the
spherical halo,Φh(r(R,Z)):
Φ(R,Z) = Φb(r(R,Z)) + Φd(r(R,Z)) + Φh(r(R,Z)) (1)
with the potentials given by the expressions:
Φb(r) = −
Mb
(r2 + b2b)
1/2
, (2)
Φd(R,Z) = −
Md[
R2 +
(
ad +
√
Z2 + b2d
)2]1/2 . (3)
The halo potential is described by the NFW model:
Φh(r) = −
Mh
r
ln
(
1 +
r
ah
)
. (4)
In the equations (2) – (4),Mb,Md,Mh are the masses of the subsystems, and a, b are the parameters,
determining the spatial density distributions in the bulge, in the disk, and in the halo of the Milky
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Table 1: Parameters of the galactic potential model
Parameter Value
Mb (Mgal) 443 ± 27
Md (Mgal) 2798 ± 84
Mh (Mgal) 12474 ± 3289
bb (kpc) 0.2672 ± 0.0090
ad (kpc) 4.40 ± 0.73
bd (kpc) 0.3084 ± 0.0050
ah (kpc) 7.7 ± 2.1
Mbar (Mgal) 431
Ωbar,(km s
−1 kpc−1) 31, 41, 55, 70
qbar(kpc) 8.0
θbar (
◦) 45
abar/bbar 2.381
abar/cbar 3.03
Way galaxy. Here, r is the galactocentric radius, and X, Y , Z are the Cartesian coordinates with
X-axis directed from the Galactic center towards the Sun, Y -axis in the direction of the Galactic
rotation, and Z-axis directed perpendicular to the Galactic plane toward the North Galactic Pole,
R2 = X2 + Y 2, r2 = R2 + Z2.
Table 1 lists the values of the best-fit parameters of the Galactic potential model, described
by the equations (1) – (4). We assume the distance of the Sun to the center of Galaxy equal
to R0 = 8.3 kpc, and the velocity of the local standard of rest is equal to V⊙=244 km s−
1 in
accordance with Bajkova & Bobylev (2016, 2017). The peculiar velocity of the Sun relative to the
local standard of rest is taken from Scho¨nrich et al. (2010): (u⊙, v⊙, w⊙) = (−11.1, 12.2, 7.3) km
s−1.
With the gravitational constant equal to unity (G = 1), and with the unit of length equal to 1
kpc, the parameters of the Galactic potential model, listed in the Table 1, are given in units of 100
km 2 s−2 for the potential, and for the mass is in units of 2.325× 107 M⊙.
The axisymmetric potential was also used in the model including the Galactic bar, where,
however, the bulge mass Mb is reduced by the mass of the bar, to conserve mass.
We adopted a triaxial ellipsoid model following Palousˇ et al. (1993):
Φbar(R,Z, θ) = −
Mbar
(q2bar +X
2 + [Y · abar/bbar]2 + [Z · abar/cbar ]2)1/2
, (5)
where Mbar is the mass of the bar, which is equal to 431× Mgal (1.0× 10
10M⊙); abar, bbar, and cbar
are the three semi-axes of the bar (abar/bbar = 2.381, abar/cbar = 3.03); qbar is the length of the
bar; X = R cos ϑ and Y = R sinϑ, where ϑ = θ − Ωbar · t − θbar, Ωbar is the circular velocity of
the bar, t is time, θbar is the bar orientation angle relative to Galactic axes X,Y , which is counted
from the line connecting the Sun and the Galactic center (the X-axis) to the major axis of the
bar in the direction of Galactic rotation. We adopted the estimates of the bar rotation velocity
Ωbar=31, 41 kms
−1kpc−1 from Sanders et al. (2019), 55 kms−1kpc−1 from Antoja et al. (2014),
and 70 kms−1kpc−1 from Debattista et al. (2002). On the other hand, the parameters qbar = 8 kpc,
and θbar = 45
◦ from Bobylev & Bajkova (2016). All these bar parameters are listed in Table 1.
Vasiliev (2019) used Gaia DR2 measurements and determined the proper motions for 151 glob-
ular clusters, containing almost all known objects. Vasiliev (2019) compared also his measurements
with the existing proper motion catalogs and found a good agreement of his data with the Gaia col-
laboration (Helmi et al., 2018) and with the HST (Sohn et. al. 2018) measurements. In our study
we use therefore proper motion measurements from Vasiliev (2019) catalog. Combining Vasiliev’s
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Figure 1: Orbits of NGC 6440 (top line), NGC 6838 (middle line), and NGC 5824 (bottom line)
belonging to the bar/bulge, the thick disk, and the halo respectively, obtained in the axisymmetric
potential (two left-hand columns) and in a barred potential with parameters from Table 1 (two
right-hand columns)
(2019) proper motions of the globular clusters with the distances and the line-of-sight velocities
from Harris (2010), one can calculate the spatial velocities and the coordinates of the globular
clusters in the Cartesian coordinate system centred on the Sun.
The knowledge of the current positions and of the velocities of the clusters together with the
potential of the Milky Way galaxy allows us to determine cluster’s orbits. We integrate the orbits
backward in time for 5 Gyr. Orbit integration is carried out by the Runge-Kutta algorithm of 4
orders.
For the sake of illustration, Figure 1 shows the orbits of three clusters, NGC 6440, NGC 6838 and
NGC 5824, that belong to the bar/bulge, disk, and to the halo of the Milky Way galaxy, respectively.
The orbits shown are calculated both in the axisymmetric and barred NFWBB potentials.
The parameters of all 151 globular clusters calculated in the NFWBB axisymmetric potential
(the initial Cartesian coordinates X,Y and Z, the radial Π, tangential Θ, vertical W velocities,
orbit parameters: the eccentricity e, the maximal orbit values Zmax, Rmax, rmax, the Z-coordinate
of the angular momentum Lz and the total energy E) are given in Table A1 of the Appendix. In
the last column, the identifier of the globular cluster membership to either a bar/bulge (B), or a
thick disk (D), or a halo (H), obtained as a result of applying our subsystem separation algorithm,
is given. The orbital parameter e and the limits of variation of the Lz, as well as its mean value,
obtained in a barred NFWBB potential are given in Table A2 of the Appendix.
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3 Criteria of separation and kinematical properties of globular
clusters’ subsystems
Binney and Wong (2017) described the Milky Way globular clusters’ system using a two-component
distribution function. The distribution function contains eight parameters which should be fixed
using available observational data. Posti and Helmi (2018) applied this approach to a sample of
75 globular clusters from the Gaia DR2 catalog together with 20 globular clusters observed with
the Hubble Space Telescope. Posti and Helmi (2018) found that halo of the Milky Way galaxy
is not rotating significantly, or even has a small retrograde rotation, while the Milky Way disk
rotates with a velocity of about 210 km s−1 at solar radius. Vasiliev (2019) used a similar approach
and described the population of the globular clusters with a single distribution function. Vasiliev
(2019) found that within 10 kpc from the center of the Galaxy the population of globular clusters
has a mean rotational velocity of about 50 – 80 km s−1, and a nearly isotropic velocity dispersion
of about 100 – 120 km s−1. We use a different approach to assign globular clusters to the various
components of the Milky Way galaxy. Namely, we follow the idea of Posti et al.(2018) who used
stars’ orbits to determine their membership to the Milky Way subsystems.
3.1 Our separation approach
Our approach is based on the orbital parameters of the clusters. Intuitively, clusters with elongated
orbits, or having orbits highly inclined to the plane of the Galactic disk belong to the Milky Way
halo, while clusters with nearly circular orbits and high circular velocities that are close to the
plane are members of the Galactic disk.
The determination of globular clusters as members of the bar/bulge, the disk, and the halo was
done in two steps.
Firstly, clusters probably belonging to the bar/bulge, and to the halo subsystems of the Galaxy were
selected. To this aim, we used the empirical stellar map of the bar/bulge region of the Milky Way
galaxy taken from Wegg & Gerhard (2013). They measured the three-dimensional stellar density
distribution of the galactic bar/bulge region covering an area of |X| × |Y | × |Z| = 2.2 × 1.3 × 1.1
kpc in the inner region of the Milky Way. This density map shows a highly elongated bar with the
projected axis ratios of (1 : 2.1) for isophotes reaching ∼ 2 kpc along the major axis. Globular
clusters belonging to the bar/bulge region would need to be searched for among those located inside
a volume of (± 2.2) × (± 1.3) × (± 1.1) kpc. To refine the definition, we then add the criterion
rmax < 3.5 kpc. The halo globular clusters were selected using as a criterion the height above the
Galactic plane |Z| > 6 kpc, assuming that the thick disk/halo separation occurs at |Z| less than 6
kpc. The resulting sample of bar/bulge objects consists of 20 globular clusters (namely, NGC 6266,
6316, 6355, 6440, 6522, 6528, 6558, 6624, 6642, Terzan 2, 4, 1, 5, 6, 9, BH 229, Liller1, Djorg 2,
ESO 456-78, Pismis 26). The number of globular clusters that belong to the halo is instead equal
to 56 and the number of clusters that are left out from these criteria and then would require further
separation is equal to 75.
Secondly, the sorting of the remaining globular clusters was done using the probabilistic approach.
The approach is based on the determination the kinematical parameter of a globular cluster sample
that clearly demonstrates a net bimodality in their distribution within the thick disk of the Milky
Way galaxy consisting of the two different classes of objects. Namely, globular clusters belonging
to the thick disk have quasi-circular orbits with relatively small eccentricities and large circular
velocities, while globular clusters that belong to the halo subsystem have more elongated orbits
with lower circular velocities.
To split the two classes of the globular clusters within the thick disk of the Milky Way galaxy,
we use the ratio of the angular momentum, Lz to the eccentricity e. The distribution of clusters’
parameter Lz/e = Θ×R/e shows a clear bimodality. Figure 2 illustrates the approach. Left-hand
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Figure 2: Distribution of the globular clusters by the ratio of the angular momentum to eccentricity
Lz/e in the NFWBB axisymmetric model (left-hand panel), in the Allen and Santillan model
(middle panel), and the Irrgang III model (right-hand panel)
panel of the Figure shows the distribution of the globular clusters when we adopt the axisymmetric
NFWBB model of the Galactic potential. Knowing the parameters of the Gaussian distribution
functions in Figure 2 which are listed in Table 2, one can determine the membership probability
of a particular globular cluster to the halo or to the disk of the Milky Way. We find that globular
clusters belonging to the thick disk of the Milky Way galaxy consist of 35 objects (NGC 104, 4372,
5927, 6218, 6235, 6254, 6304, 6356, 6352, 6366, 6362, 6397, 6496, 6539, 6540, 6541, 6553, 6569,
6656, 6749, 6752, 6760, 6838, 7078, Pal 1, 7, 8, 10, 11, E 3, ESO 224-8, FSR 1716, BH 184, Terzan
3, Terzan 12) The number of the halo globular clusters within the thick disk of the Milky Way
galaxy that kinematically belong to the halo is equal to 39. Combining these globular clusters with
the clusters that are located in the Milky Way halo, we get in total 96 globular clusters in the
Milky Way halo. We underline that a close look at individual orbits of the clusters confirms that
the splitting of the clusters was done consistently.
The membership of individual globular clusters to a given Galaxy subsystem (GS) (B
(bar/bulge), D (disk) or H (halo)) is indicated in the last column of Table A1.
3.2 Kinematical properties of Milky Way components as traced by their glob-
ular clusters
In this Section we used the derived clusters’ orbital parameters to determine the kinematical prop-
erties of the parent Galactic component. To this aim, we firstly characterise the uncertainties in
distances, proper motions and line-of-sight velocities by employing a Monte-Carlo approach. The
artificial data sets were pulled for the bar/bulge, the disk, and the halo globular cluster samples
within corresponding error bars in the distances, the proper motions, and the line-of-sight velocities.
The errors in proper motions and the line-of-sight velocities were taken from Vasiliev (2019). The
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Table 2: Parameters of the Gaussian components in Figure 2
Parameter NFWBB model Allen & Santillan model Irrgang III model
Gaussian components: Gaussian components: Gaussian components:
Left-hand Right-hand Left-hand Right-hand Left-hand Right-hand
Amplitude 20 6 23 6 18 7
The mean value 6 1470 -116 1304 13 1319
(m) [kpc km s−1]
The standard devia- 249 496 235 390 244 332
tion (σ) [kpc km s−1]
distances for the artificial data sets were assigned assuming 5 and 10 percent uncertainties in the
individual distances to the clusters. For each artificial data set we find the average radial < Π >
and rotational < Θ > velocities for the bar/bulge, the thick disk and the halo. The velocities of
the subsystems of globular clusters and the determined errors are listed in Table 3. Figure 3 shows
the histograms of the GCs velocity distributions in the bar/bulge, the thick disk, and the halo of
the Milky Way galaxy. Figure 4 shows distribution of the subsystems objects in the diagram ”E
— Lz”. It is interesting to note the specific location of the bar/bulge, and the thick disk objects.
Bar/bulge
Velocities of the subsystems of the globular clusters are given in Table 3. Figure 3 (top panels)
shows the velocity distributions of theglobular clusters belonging to the bar/bulge of the Milky Way
galaxy. We find the average rotational velocity of the globular clusters within the bar/bulge of 49
+/- 11 km/sec. The Milky Way bulge kinematics has been a subject of extensive studies in recent
years. Using Bulge Radial Velocity Assay survey (BRAVA) Howard et al. (2008) find that the
rotational velocity of bulge stars changes between -100 and + 80 km/sec within −10o ≤ l ≤ +10o.
This estimate agrees with Kunder et al. (2012) who find that the rotational velocity of bulge stars
changes from -100 to 80 km/sec over the bulge region they surveyed. Ness et al. (2012) also
find that for −10o ≤ l ≤ +10o the bulge rotational velocity changes within -100 +80 km/sec (see
their Figure 3).Finally, Zoccali et al. (2014, their Fig. 6) using the GIRAFFE inner bulge survey
find that rotational velocity of sample of bulge red clump stars changes from ∼ +75 to ∼ −75
km/sec. All these studies confine the rotation curve in Galactic longitude −10o ≤ l ≤ +10o, which
translates into cartesian Galacto-centric coordinate Y in the range ±1.3 kpc. A close inspection at
Table A1 shows that all the globular cluster marked as bulge clusters satisfy this constraint. With
the poor statistics of our bulge globular clusters we cannot clearly derive the bulge rotation curve.
Still, our estimate of the bulge average rotational velocity as traced by globulars is 49± 11 km s−1
and falls well within the reported determinations.
Thick disk
Figure 3 (middle panels) shows the velocity distributions of the globular clusters belonging to
the thick disk of the Milky Way. The main kinematical feature of the globular clusters within the
thick Milky Way disk is their significant rotation. Our estimate of the rotational velocity of the
globular clusters, belonging to the thick Milky Way disk yields the value of 179 ± 6 km s−1 with
the lag of the rotational velocity relative to assumed velocity of LSR of 59 - 71 km s−1. This value
of the lag between the rotational velocity of the thick disk globular clusters and the rotational
velocity of LSR is roughly comparable to the lag of the thick disk stars relative to the stellar Milky
Way thin disk as estimated by Pasetto et al (2012) to be about 49 ± 6 km s−1.
Halo
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Table 3: Average velocities of the subsystems of the globular clusters
Galaxy NFWBB model (5%) NFWBB(10%) Allen & Santillan Irrgang III
subsystem < Π > < Θ > < Π > < Θ > < Π > < Θ > < Π > < Θ >
(N of GCs) km s−1 km s−1 km s−1 km s−1 km s−1 km s−1 km s−1 km s−1
Bar/bulge (20) 4±12 49±11 4±20 50±15 3±12 35±10 4±19 47±13
Thick disk(35) 17±5 179±6 17±7 179±7 15±6 165±6 17±6 177±4
Halo (96) -14±4 1±4 -15±5 0±6 -12±5 -4±4 -14±5 0±5
Figure 3 (bottom panels) shows the velocity distributions of the globular clusters that belong
to the halo of the Milky Way. As one can clearly see from the Figure, the velocity distributions of
the halo globular clusters can be approximated by a gaussian distributions both in the radial and
in the azimuthal directions. The estimated values for the average velocities are: < Π >= −14 ± 4
km s−1, < Θ >= 1 ± 4 km s−1. The value of the rotation velocity is close to zero and we can
conclude that the halo as traced by globular clusters does not rotate on average.
3.3 Comparison with the results of Massari et al. (2019)
We now compare our criterion based on the orbital parameter Lz/e with the criterion based on the
orbital parameter Circ (Massari et al., 2019) for separation of the GCs located in the thick disk
area (Z < 5 kpc) into the disk and halo clusters. We restrict ourselves on the procedure described
in Section 3.1 of paper by Massari et al. (2019) only, which use purely dynamical considerations
to categorise star clusters. We stress in fact that our methodology is purely dynamical.
We made a comparison under equal conditions using the NFWBB gravitational potential and the
same conditions for the preliminary selection of the bulge/bar (apo< 3.5 kpc) and halo (Zmax > 5
kpc) objects. As a result, we get 36 bulge objects and 57 halo objects.
According to Massari et al. (2019), the separation of the remaining 58 GCs (in the band |Z| < 5
kpc) into the disk and halo is performed using the criterion Circ > 0.5. Such a condition is justified
by the histogram shown in their Figure 5 (left-hand panel). In this histogram the bimodality in
the GCs distribution is clearly visible. Using this very same criterion, we obtained 33 candidate
disk members. The resulting list of objects differs from the list of objects obtained by Massari et
al. (2019) by just five objects. These are: NGC 6171, 6333, 6402, 6441, and Djorg 1 with high
eccentricities 0.72, 0.74, 0.88, 0.66, and 0.76, respectively, and look like impostors. Our criterion
based on bimodality of GCs distribution on parameter Lz/e (see Figure 5, right-hand panel),
returns therefore 28 disk objects which coincide with Massari’s et al. (2019) list. Thus, using our
separation criterion based on the Lz/e parameter, we confirmed Massari et al. (2019) result which
was obtained for another potential, while the use of the criterion based on the Circ orbit circularity
parameter gave slightly different results.
4 Testing the Globular Clusters separation criteria in the axisym-
metric Allen & Santillan, and the axisymmetric Irrgang III po-
tentials
The separation criterion was further checked against different realisations of the Galactic gravita-
tional potential. To this purpose, we choose the most popular models of the Galactic potential: the
model proposed by Allen & Santillan (1991), and the NFW model, modified by Irrgang et al (2013)
on the basis of data on Galactic masers. We denote these potentials as the Allen & Santillan and
the Irrgang III models for the sake of brevity. The rotation curves corresponding to the NFWBB,
9
 0
 1
 2
 3
 4
-400 -300 -200 -100  0  100  200  300  400
Bulge
N
P, km/s
 0
 1
 2
 3
 4
 5
-400 -300 -200 -100  0  100  200  300  400
Bulge
N
Q, km/s
 0
 2
 4
 6
 8
 10
 12
-400 -300 -200 -100  0  100  200  300  400
Disk
N
P, km/s
 0
 2
 4
 6
 8
 10
 12
 14
 16
-100  0  100  200  300  400
Disk
N
Q, km/s
 0
 4
 8
 12
 16
 20
-400 -300 -200 -100  0  100  200  300  400
Halo
N
P, km/s
 0
 6
 12
 18
 24
-400 -300 -200 -100  0  100  200  300  400
Halo
N
Q, km/s
Figure 3: Histograms of < Π > and < Θ > velocity distributions for GCs of the bar/bulge (top
line), the thick disk (middle line) and the halo (bottom line)
Allen & Santillan and Irrgang III potential models are shown in Figure 6, for comparison.
The Allen & Santillan model assumes that Galactocentric distance of the Sun is equal to R⊙ =
8.5 kpc, and that the circular rotational velocity of the Local Standard of Rest (LSR) is V⊙ = 220
km s−1, therefore the rotation curve differs considerably from the NFWBB model both at small
(R < 35 kpc) and lat arge (R > 35 kpc) Galactocentric distances. On the other hand, the Irrgang
III model and the NFWBB model are close up to R = 20 kpc because they were constructed on
the very same masers data. This can be seen clearly from the rotation curves in Figure 6. Both
models have the same LSR velocity V⊙ = 244 km s
−1 and the same Galactocentric distance of the
Sun R⊙ = 8.3. At larger distances, though, the rotation curve corresponding to the Irrgang III
potential goes significantly higher than ours. Such a difference in the rotation curves is due to the
fact that our potential was built using data up to 200 kpc, while Irrgang III potential employs data
up to 20 kpc only.
If we apply our separation algorithm to the disk layer( |Z| < 6 kpc) we obtain essentially the
same result as employing our potential (see previous sections), despite the fact that slightly different
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Figure 4: Distribution of the bar/bulge (black triangles), the thick disk (red closed circles), and
the halo (blue open circles) GCs in the diagram ”E — Lz”
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ratio of the angular momentum to the eccentricity Lz/e (right-hand panel)
Lz, e, and Lz/e are found. This happens because, especially in the case of the Irrgang III potential,
distant objects are heavily influenced by rotation curves which deviates at large R. These distant
objects are anyway cut off as halo objects already at the first stage of the separation algorithm. So
they do not affect the separation of the GCs inside the disk layer (|Z| < 6 kpc). The disk objects
are in fact situated within R < 20 kpc, and the Irrgang III potential affects their selection in the
same way as in the case of our NFWBB potential due to the proximity of the rotation curves for
this Galactocentric distance range. In the case of the Allen & Santillan potential, the orbits of
objects within R < 20 kpc undergo a more significant change than in the case of the Irrgang III
potential. Nevertheless, the separation of objects in the disk layer |Z| < 6 kpc remains the same
due to the fact that despite the change in the parameters Lz and e, simply because the distribution
of Lz/e does not change.
The comparison of orbital parameters, namely, the eccentricity e, the Z projection of angular
momentum Lz, maximal values of coordinates Rmax, Zmax, obtained in these three axisymmetric
potentials is given in Figure 7. We stress the overall good correlation of the parameters for majority
of the GCs. In particular, good correlation of parameters Rmax, Zmax is maintained up to 20 kpc
where the majority of the GCs are concentrated. At larger distances, the mass of the halo plays
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an important role. But, as we already underlined above, distant objects are cut off as halo objects
already at the first stage of the separation algorithm.
The second stage of separation, based on the bimodality of the Lz/e distribution, is shown in
Figure 2, left-hand panel for the NFWBB model, middle panel for the Allen & Santillan model, and
right-hand panel for the Irrgang III model. The parameters of the Gaussian components are given
in Table 2. In spite of the differences in the distribution of the globular clusters in all these three
models seen in Figure 2, the comparison of the kinematical properties of the globular clusters in the
Milky Way subsystems shows that within the errors there is no difference in the average velocities
of the thick disk and of the halo in these three models (see Table 3). Kinematical properties
of bar/bulge globular clusters are close for the NFWBB and the Irrgang III models, and differ,
however, considerably from the Allen & Santillan model. Disagreement is caused, most probably,
by the difference of the disk rotational curves in its central regions in the rotation curves: the NFW
models (NFWBB and Irrgang III) of the galactic potential shows a prominent hump on the rotation
curve while the Allen & Santillan model simply does not show it. As one can see from Table 3,
within the errors different globular populations clusters have the same kinematical properties in all
three models of the Milky Way potential.
5 Testing globular clusters separation criteria in barred potentials
In an attempt to better quantify the possible role of the bar/bulge potential, in this Section we test
the separation algorithm in case of the NFWBB potential complemented with the bar potential in
the form of the triaxial ellipsoid model of Palousˇ et al. (1993) (see also Section 2). We adopted as
mass of bar Mbar = 1.0 × 10
10M⊙, wherein the bulge mass Mb is reduced by the mass of the bar.
Since in literature the rotational velocity of the Galactic bar is reported with large uncertainties,
we checked our algorithm against four different values: Ωbar = 31, 41, 55, and 70 kpc km s
−1 (see
Section 2).
Our splitting algorithm stands on the analysis of the Lz/e distribution. In case of non-axisymmetric
potential the Z projection of angular momentum Lz is not constant along the orbit and therefore
we take the value < Lz > equal to average value of Lz along the orbit. Orbits of the GCs, especially
close to the Galactic center, can be noticeably affected by the bar. Particularly, eccentricities e
of GCs orbits can change significantly, thereby significantly changing the distribution < Lz > /e.
The orbital parameter e and the limits of variation of the Lz, as well as its mean value < Lz >
for the GCs in the disk layer |Z| < 6 kpc obtained in the barred NFWBB potential for all adopted
bar rotational velocities, are given in Table A2 of the Appendix. The comparison of the orbital
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Figure 7: Comparison of the orbital parameters (e, Lz, Rmax, Zmax) obtained in different axisym-
metric potentials. The parameters obtained in the Allen & Santillan (red dots) and the Irrgang
III (black triangles) potentials are compared with corresponding orbit parameters obtained in the
NFWBB potential. In each panel we plot the line of coincidence.
parameters (e, Lz, Lz/e,Rmax, Zmax) is given in Figure 8. The parameters obtained in barred
NFWBB potential with Ωbar = 31 km s
−1 kpc−1, and Ωbar = 55 km s
−1 kpc−1 are compared with
the corresponding orbital parameters obtained in the axisymmetric NFWBB potential. We notice
a general good correlation of the parameters for the majority of the GCs.
Nonetheless, as expected, the inclusion of a rotating bar affected the separation of the GCs close
to the Galactic center. As a result, the number of bulge objects decreased from 20,as identified in
the axisymmetric potential, to 16 for bar rotation velocities of 31, 41, and 55 km s−1 kpc−1 and
to 15 for bar velocity of 70 km s−1 kpc−1. As a consequence, NGC 6355, Pismis 26, Djorg 2, ESO
456-78 were dropped out of the list of the bar/bulge objects, and in the case of bar velocity of 70
km s−1 kpc−1, also NGC 6558. The selection of halo objects under the condition Zmax > 6 kpc,
only changed slightly. The halo list was depleted by just the cluster E3, at a bar velocities of 41,
55, and 70 km s−1 kpc−1. The separation of the GCs into disk and halo objects inside the layer
|Z| < 6 kpc has undergone the following changes depending on the bar velocity. At bar velocity
of 31 km s−1 kpc−1, the number of disk objects became equal to 36 since NGC 6541 was dropped
from the previous list, while ESO 456-78 and NGC 6717 were added. At bar velocity of 41 km s−1
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kpc−1, the number of disk objects became equal to 36 since E3 was dropped, and ESO 456-78 and
NGC 6717 were added. At bar velocity of 55 km s−1 kpc−1, the number of disk objects became
equal to 37, since E3 dropped out of the previous list, while ESO 456- 78, Djorg 2, and NGC 6717
were added. Finally, at a bar velocity of 70 km s−1 kpc−1, the number of disk objects became
equal to 35 since E3and NGC 6541 were dropped from the previous list, while ESO 456-78 and
NGC 6717 were added. Thus, from 35 disk objects identified in the axisymmetric potential, 33
objects are stably preserved. The largest influence of the bar turned out to be on GCs E3 and
NGC 6541. Overall, we found little dependence of the results of the separation of GCs on the bar
rotation velocity. The histograms of the GCs distributions by the < Lz > /e parameter and the
approximating Gaussian distributions for all the bar velocities are shown in Figure 9.
6 Metallicities of the cluster subsystems
It is known since long time that globular clusters with low metal abundances are distributed
throughout the volume of the halo and have a low concentration toward the Galactic plane, while
clusters with high metal abundances are concentrated toward the Galactic plane and are found pre-
dominantly at distances inside the solar radius. Zinn (1993) showed that clusters with metallicities
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Figure 9: Distribution of the globular clusters by the ratio of the average angular momentum to
eccentricity < Lz > /e for different bar velocities: Ωbar = 31, 41, 55, and 70 km s
−1 kpc−1.
[Fe/H] ≤ −0.8 dex belong to the Milky Way halo, and have comparatively low rotational speeds
and velocity dispersions while clusters with higher metal abundances belong to the disk subsystem.
Precise kinematical data of the Milky Way globular clusters allow to address the problem of
the chemical abundances of the globular clusters in a new way: to solve the general problem of
the inter-relation of the chemical abundances and the kinematical properties of the clusters. By
assuming the separation of the clusters among the subsystems of the Galaxy, one can estimate the
mean metallicities of the clusters that belong to the different subsystems of the Milky Way galaxy.
In order to take the chemical compositions of globular clusters in different Galactic subsystems
into account, we used cluster metallicities taken from Harris (2010), and for the Crater cluster from
Laevens et al. (2014). Figure 10 on the left-hand panel shows the metallicity distribution for the
halo and for the thick disk cluster subsystems as a function of distance from the Galactic center.
The hollow and filled symbols correspond to the halo and disk clusters, respectively. Together with
clusters with high metal abundances and disk kinematics, several low-metal clusters also display
kinematics typical of the disk subsystem. This result can also be seen in Figure 10 in middle panel,
which presents the metallicity distributions of halo and thick-disk globular clusters as a function
of the distance from the plane of the disk, Z. This Figure shows that, together with clusters in the
disk subsystem, globular clusters displaying halo kinematics (hollow symbols) are also concentrated
toward the plane of the disk, probably reflecting some incompleteness of the sample.
The right-hand panel in Figure 10 shows metallicity distributions as the function of Galacto-
centric radial velocities of halo globular clusters (empty symbols) and disk globular clusters (filled
symbols). This figure shows that a large fraction of disk globular clusters located in the region with
[Fe/H] ≥ −1.0 dex, while most halo clusters have low metal abundances [Fe/H] ≤ −1.0 dex. Vir-
tually all clusters displaying halo kinematics have low metal abundances, and these clusters occupy
a large range of radial velocities, right up to 300 km/s. We find that the mean metallicity for the
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Figure 10: Distribution of the metallicities of globular clusters in the halo and thick disk subsystems
as a function of distance from the Galactic center (left-hand panel); dependence of the metallicities
of the globular clusters on distance from the Galactic plane Z (middle panel); dependence of the
metallicities of the globular clusters on the radial velocities of halo and disk (right-hand panel). In
all pictures the halo and disk clusters are marked by unfilled and filled symbols respectively.
disk globular clusters subsystem is equal to [Fe/H] = −0.96± 0.11 dex, while for the halo objects
mean metallicity is equal to [Fe/H] = −1.58± 0.05 dex, and for the globular clusters in the region
of the bar/bulge the mean metallicity is equal to [Fe/H] = −0.95 ± 0.08 dex. After the study of
Forbes & Bridges (2010), retrograde motion has usually been considered to indicate that a globular
cluster was accreted during the evolution of the Galaxy. If this view is correct, we should expect
differences in the mean metallicities for accreted halo globular clusters exhibiting retrograde motion
and clusters orbiting in the Galactic prograde direction, which are presumed to have formed in situ
during the evolution of the Galaxy. Cluster kinematics can be used to distinguish halo clusters
in retrograde orbits and clusters rotating in the prograde direction. To elucidate the likelihood of
possible differences in the chemical compositions of these groups of globular clusters, we applied
a statistical Student t-test. The mean metallicities of these two groups of clusters are statistically
indistinguishable which does not support the suggestion that these two groups of clusters have
different origins.
On the other hand, the application of this test to the samples of globular clusters belonging
to the disk and halo subsystems show statistically significant differences, indicating that these two
groups of clusters have different chemical evolution histories, and probably different origin. The
mean metallicity of bar/bulge globular clusters statistically indistinguishable from mean metallicity
of the disk globulars.
7 Summary
In this paper we presented a large suite of orbital integrations of the Milky Way globular clusters
with the aim of determining their membership to different Galactic components. We summarise
our main results as follows:
(i) We have used high quality proper motion data for nearly all known Milky Way globular
clusters together with known distances and the line of sight velocities to study their kinematical
properties of the Milky Way components. To assign clusters to the various subsystems of the Milky
Way we used their orbital parameter (ratio Lz/e) distribution, which was never applied before
to the globular cluster system of the Milky Way. We have shown that our splitting algorithm is
stable against different realisations of the Galactic potential, and both in the axisymmetric and
non-axisymmetric cases.
(ii) The orbits of the clusters, and their orbital parameters clearly distinguish three groups of
the clusters: those that belong to the bar/bulge of the Milky Way galaxy, the clusters, that belong
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to the thick Milky Way disk, and the clusters, belonging to the Milky Way halo.
(iii) The bar/bulge subsystem of the globular clusters has a relatively slow rotation of 49 ±
11 km s−1, and close to zero radial velocity for the ensemble of the globular clusters within the
bar/bulge region
(iv) The clusters distinguished by their kinematical properties as the members of the thick disk,
have rotational velocity of 179 ± 6 km s−1 consistent with the recent estimate of the rotational
velocity of metal-weak stellar thick disk population 182 ± 6 km s−1 (Tian et al. 2019).
The estimated lag in the rotational velocity of the globular clusters thick disk and the rotational
velocity of LSR is 65 ± 6 km s−1 roughly consistent with the estimate of the lag of the rotational
velocity between the stellar thick and the thin disks found by Pasetto et al. (2012).
Our estimate of the rotational velocity of the thick disk globular clusters differs from the recent
estimate of the disk globular clusters rotational velocity obtained by Posti & Helmi (2018) equal
to 220 km s−1 but is consistent with recent estimate of the rotational velocity of the metal-weak
thick disk stellar population (Tian et al. 2019).
(v) We confirm previous findings that the subsystem of the globular clusters belonging to the
Milky Way halo practically has rotation close to zero 1 ± 4 km s−1. We find contrary to the
conclusion of Posti & Helmi (2018) , that the halo globular clusters have a prograde rotation, and
its rotational velocity is consistent with the estimated rotational velocity of local stellar halo of
27+4
−5 km s
−1 (Tian et al. 2019).
(vi) We have determined the mean metallicities for globular clusters with well defined kinematic
parameters and orbits in different subsystems of the Milky Way. The mean metallicity of globular
clusters of the disk subsystem was found to be [Fe/H] = −0.96±0.11 dex, and of the halo subsystem
to be [Fe/H] = −1.58 ± 0.05 dex. The mean metallicity of globular clusters associated with the
bar/bulge was found to be [Fe/H] = −0.95 ± 0.08 dex.
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Appendix
Table A1. Orbit parameters of globular clusters obtained in the NFWBB axisymmetric potential
Name X Y Z Π Θ W e Zmax Rmax rmax Lz E GS
kpc kpc kpc km/s km/s km/s kpc kpc kpc kpc km/s (km/s)2
NGC 104 6.4 -2.6 -3.2 6 192 45 0.16 3.4 7.5 7.7 1328 -126288 D
NGC 288 8.4 0.1 -8.9 9 -42 51 0.80 10.3 12.3 12.3 -349 -116280 H
NGC 362 5.2 -5.1 -6.2 127 -1 -70 0.98 10.4 12.3 12.3 -10 -121290 H
Whiting 1 22.3 4.7 -26.2 -208 109 8 0.53 60.9 66.8 67.0 2494 -42265 H
NGC 1261 8.2 -10.0 -12.8 -95 -19 69 0.94 16.8 21.1 21.1 -249 -91385 H
Pal 1 15.1 8.0 3.6 42 214 -20 0.13 4.5 19.1 19.1 3646 -78086 D
E 1 24.8 -80.1 -92.3 11 -144 96 0.31 135.2 231.9 237.9 -12100 -15914 H
Eridanus 61.5 -41.8 -59.5 -90 -28 133 0.87 140.9 145.9 174.5 -2064 -23988 H
Pal 2 34.8 4.4 -4.3 -108 11 4 0.97 13.7 40.9 41.0 373 -63896 H
NGC 1851 12.6 -8.9 -6.9 105 -1 -82 0.99 17.0 20.1 20.1 -22 -94063 H
NGC 1904 15.9 -8.3 -6.3 46 12 4 0.97 8.8 19.7 19.7 211 -96192 H
NGC 2298 12.6 -9.5 -3.0 -92 -32 77 0.87 11.4 18.0 18.0 -500 -98716 H
NGC 2419 83.0 -0.5 35.2 -5 47 -58 0.68 58.1 83.1 91.8 3907 -35896 H
Pyxis 14.2 -38.7 4.8 -247 -29 187 0.77 283.5 175.6 324.2 -1205 -15098 H
NGC 2808 6.3 -9.2 -1.9 -157 41 28 0.87 4.9 14.2 14.4 457 -111797 H
E 3 5.4 -7.1 -2.6 44 251 104 0.18 5.8 13.0 13.1 2240 -97684 D
Pal 3 42.6 -59.7 61.8 -147 89 67 0.39 134.7 153.7 173.4 6495 -20091 H
NGC 3201 7.7 -4.8 0.8 -114 -301 151 0.52 10.8 26.2 26.3 -2728 -75483 H
Pal 4 39.7 -12.9 103.3 -25 -33 56 0.75 110.9 114.1 116.5 -1394 -31065 H
Crater 0.2 -97.0 107.5 -101 -63 63 0.14 125.4 156.1 156.1 -6104 -18859 H
NGC 4147 9.6 -4.1 18.8 47 -3 128 0.97 26.0 25.8 26.4 -27 -81117 H
NGC 4372 5.4 -4.9 -1.0 16 133 67 0.42 2.1 7.3 7.3 962 -139570 D
Rup 106 -2.4 -17.8 4.3 -242 91 32 0.78 23.7 37.9 37.9 1640 -64986 H
NGC 4590 4.2 -7.2 6.1 -169 293 16 0.54 17.9 29.0 29.9 2453 -70495 H
NGC 4833 4.7 -5.4 -0.9 105 40 -42 0.83 3.5 8.0 8.0 286 -144428 H
NGC 5024 5.5 -1.5 17.6 -95 141 -72 0.43 21.4 22.1 22.3 797 -80241 H
NGC 5053 5.3 -1.4 17.1 -89 134 35 0.27 17.4 17.8 18.0 727 -85221 H
NGC 5139 5.1 -3.9 1.4 -70 -72 -80 0.73 2.8 7.4 7.4 -462 -147850 H
NGC 5272 6.8 1.3 10.0 -38 143 -134 0.51 13.3 15.7 15.9 994 -98226 H
NGC 5286 0.7 -8.6 2.2 -220 -44 10 0.89 7.0 13.7 13.7 -375 -113332 H
NGC 5466 5.0 3.0 15.4 172 -141 226 0.80 49.4 53.6 53.7 -820 -52693 H
NGC 5634 -7.4 -5.0 19.1 -45 39 -26 0.82 19.7 21.1 21.6 346 -89143 H
NGC 5694 -18.1 -14.6 17.7 -185 -44 -166 0.93 46.2 69.9 70.4 -1019 -45290 H
IC 4499 -2.4 -14.0 -6.6 -245 -75 -62 0.65 27.1 29.8 30.0 -1066 -72235 H
NGC 5824 -18.1 -13.7 12.1 -41 105 -183 0.45 31.6 37.3 37.4 2393 -59779 H
Pal 5 -7.9 0.2 16.7 -54 160 -10 0.27 17.2 18.8 18.9 1260 -83194 H
NGC 5897 -2.0 -3.2 6.3 88 97 90 0.64 7.6 8.6 8.7 362 -131771 H
NGC 5904 3.2 0.4 5.5 -290 126 -181 0.82 21.1 23.0 23.3 402 -85576 H
NGC 5927 1.9 -4.2 0.7 -39 233 5 0.11 0.7 5.2 5.2 1077 -148662 D
NGC 5946 -0.6 -5.7 0.8 35 25 108 0.89 4.3 5.8 5.9 141 -158006 H
ESO 224-8 -7.8 -9.9 1.5 -43 259 0 0.18 1.9 17.0 17.0 3245 -85205 D
NGC 5986 -1.0 -4.0 2.4 62 23 -14 0.92 3.8 4.9 5.0 94 -168505 H
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Table A1.– Continued. Orbit parameters of globular clusters obtained in the NFWBB axisymmetric potential
Name X Y Z Π Θ W e Zmax Rmax rmax Lz E GS
kpc kpc kpc km/s km/s km/s kpc kpc kpc kpc km/s (km/s)2
FSR 1716 0.1 -4.8 -0.3 87 228 -139 0.28 2.5 6.9 7.0 1089 -137191 D
Pal 14 -41.4 27.3 51.4 117 16 131 0.97 66.4 127.5 133.9 794 -29458 H
BH 184 1.5 -4.1 -0.4 40 121 -89 0.47 1.5 4.6 4.7 531 -168579 D
NGC 6093 -1.1 -1.2 3.4 33 16 -61 0.97 3.7 4.6 4.6 25 -176933 H
NGC 6121 6.2 -0.3 0.6 -52 10 -9 0.97 4.2 6.5 6.5 60 -159021 H
NGC 6101 -2.7 -10.0 -4.2 -12 -314 -195 0.61 24.3 42.2 44.2 -3236 -56722 H
NGC 6144 -0.2 -1.2 2.4 -69 -196 43 0.21 2.9 2.9 3.3 -239 -172662 H
NGC 6139 -1.3 -3.0 1.2 -1 76 137 0.54 2.7 3.4 3.6 248 -176480 H
Terzan 3 0.5 -2.1 1.3 -61 206 99 0.18 1.9 3.0 3.2 440 -175324 D
NGC 6171 2.4 0.4 2.5 -4 78 -65 0.72 2.8 3.7 3.8 191 -178959 H
ESO 452-11 0.3 -1.1 1.8 -24 -13 -104 0.98 2.2 2.9 2.9 -16 -202684 H
NGC 6205 5.5 4.6 4.7 20 -26 -80 0.79 7.8 8.6 8.6 -187 -134416 H
NGC 6229 1.8 22.3 19.8 30 6 51 0.97 27.8 30.9 31.0 135 -74434 H
NGC 6218 4.2 1.2 2.1 -9 135 -82 0.37 2.7 4.9 5.0 581 -158135 D
FSR 1735 -1.8 -3.8 -0.3 -102 -5 201 0.69 5.3 5.2 5.3 -22 -157538 H
NGC 6235 -2.9 -0.2 2.7 159 197 -40 0.39 4.5 5.9 6.2 570 -145439 D
NGC 6254 4.4 1.1 1.7 -87 134 48 0.42 2.4 5.2 5.2 606 -157472 D
NGC 6256 -1.8 -2.2 0.6 -170 28 97 0.92 3.1 4.2 4.2 79 -181873 H
Pal 15 -30.6 13.3 18.6 154 -5 50 0.96 50.8 49.4 54.6 -165 -53233 H
NGC 6266 1.6 -0.8 0.9 42 122 69 0.62 1.0 2.5 2.5 215 -205537 B
NGC 6273 -0.4 -0.5 1.5 -98 -240 179 0.59 3.5 3.8 3.9 -144 -172941 H
NGC 6284 -6.8 -0.4 2.7 14 -2 112 0.83 7.3 7.0 7.5 -16 -142332 H
NGC 6287 -0.9 0.0 1.8 -301 -64 79 0.75 5.2 5.3 5.3 -60 -159009 H
NGC 6293 -1.1 -0.4 1.3 -152 -80 -158 0.91 2.5 3.6 3.6 -93 -191358 H
NGC 6304 2.4 -0.4 0.6 79 191 72 0.29 1.0 3.2 3.3 474 -183132 D
NGC 6316 -2.0 -0.5 1.1 103 51 86 0.77 1.5 2.9 3.0 106 -197316 B
NGC 6341 5.8 6.3 4.8 53 13 95 0.94 9.4 10.7 10.7 108 -125312 H
NGC 6325 0.6 0.1 1.1 -81 -181 79 0.12 1.2 1.2 1.4 -107 -212097 H
NGC 6333 0.6 0.8 1.5 -89 346 68 0.74 4.1 6.4 6.4 327 -151409 H
NGC 6342 -0.1 0.7 1.5 -25 164 -32 0.31 1.5 1.6 1.7 117 -207010 H
NGC 6356 -6.5 1.7 2.7 47 107 110 0.52 4.5 7.8 7.9 713 -136303 D
NGC 6355 -0.9 -0.1 0.9 -207 -110 144 0.56 1.9 2.0 2.2 -95 -199192 B
NGC 6352 3.0 -1.8 -0.7 42 226 7 0.13 0.7 4.1 4.1 794 -163864 D
IC 1257 -14.8 6.9 6.5 -45 -50 -20 0.82 6.7 18.1 18.1 -817 -98556 H
Terzan 2 0.8 -0.5 0.3 -120 -47 -44 0.86 0.7 1.2 1.2 -44 -242360 B
NGC 6366 5.1 1.1 1.0 94 134 -62 0.45 2.0 5.8 5.8 699 -153378 D
Terzan 4 1.1 -0.5 0.2 15 75 97 0.68 0.8 1.3 1.3 92 -234494 B
BH 229 0.1 -0.4 0.3 7 -55 -287 0.49 0.8 0.8 0.8 -21 -249808 B
NGC 6362 2.3 -4.1 -2.3 17 124 100 0.37 3.3 5.2 5.3 583 -153468 D
Liller 1 0.1 -0.7 -0.0 107 -56 25 0.81 0.2 0.8 0.8 -42 -261395 B
NGC 6380 -2.4 -1.9 -0.6 -62 -35 14 0.89 2.1 3.4 3.4 -105 -194646 H
Terzan 1 1.6 -0.3 0.1 -73 63 5 0.79 1.0 1.8 1.8 102 -224803 B
Pismis 26 0.2 -1.3 -0.5 -112 204 200 0.56 1.8 3.2 3.2 271 -186876 B
NGC 6388 -1.2 -2.5 -1.1 -66 -94 -16 0.69 1.6 3.5 3.5 -257 -190150 H
NGC 6402 -0.1 3.3 2.4 -20 48 23 0.88 2.8 4.8 4.8 158 -176457 H
NGC 6401 -2.3 0.6 0.8 -30 -254 161 0.31 2.3 4.4 4.5 -595 -161761 H
NGC 6397 6.2 -0.8 -0.5 35 127 -121 0.40 2.9 6.5 6.5 796 -144538 D
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Table A1.– Continued. Orbit parameters of globular clusters obtained in the NFWBB axisymmetric potential
Name X Y Z Π Θ W e Zmax Rmax rmax Lz E GS
kpc kpc kpc km/s km/s km/s kpc kpc kpc kpc km/s (km/s)2
Pal 6 2.5 0.2 0.2 -191 21 153 0.95 3.3 4.5 4.5 52 -179351 H
NGC 6426 -9.2 9.3 5.8 -112 93 -26 0.67 7.0 16.5 16.6 1216 -100666 H
Djorg 1 -1.0 -0.5 -0.4 -252 315 28 0.76 2.6 5.9 6.0 351 -161437 H
Terzan 5 1.4 0.5 0.2 84 70 -31 0.77 0.8 1.7 1.7 104 -226313 B
NGC 6440 -0.1 1.1 0.6 91 -42 -39 0.78 1.1 1.4 1.4 -49 -231796 B
NGC 6441 -3.2 -1.3 -1.0 16 66 -21 0.66 1.4 3.5 3.6 228 -186312 H
Terzan 6 1.5 -0.2 -0.2 -138 -51 42 0.86 1.3 2.0 2.0 -77 -220185 B
NGC 6453 -3.2 -0.9 -0.8 -105 38 -159 0.61 3.6 3.8 3.9 129 -172906 H
NGC 6496 -2.6 -2.3 -2.0 -37 320 -60 0.42 4.0 9.0 9.1 1111 -126509 D
Terzan 9 1.2 0.5 -0.2 -50 22 -53 0.92 1.0 1.4 1.4 29 -236057 B
Djorg 2 2.0 0.3 -0.3 161 155 -45 0.57 0.4 3.2 3.2 316 -192751 B
NGC 6517 -1.6 3.5 1.3 55 33 -34 0.90 2.9 4.5 4.5 127 -179281 H
Terzan 10 -2.1 0.8 -0.3 231 87 239 0.79 4.7 5.9 5.9 193 -155422 H
NGC 6522 0.6 0.1 -0.5 34 92 -189 0.67 0.9 1.2 1.2 58 -238519 B
NGC 6535 2.4 3.0 1.3 93 -83 45 0.64 1.6 4.5 4.6 -320 -173024 H
NGC 6528 0.4 0.2 -0.6 -197 113 -32 0.60 0.9 1.0 1.0 51 -241883 B
NGC 6539 1.1 2.8 0.9 1 118 172 0.30 2.5 3.2 3.4 347 -174387 D
NGC 6540 3.0 0.3 -0.3 13 148 57 0.32 0.5 3.0 3.1 448 -187517 D
NGC 6544 5.3 0.3 -0.1 6 6 -90 0.98 4.3 5.7 5.7 31 -166630 H
NGC 6541 1.1 -1.4 -1.4 123 192 -112 0.50 2.4 3.8 3.8 334 -174968 D
ESO 280-06 -12.0 -4.7 -4.6 31 16 -84 0.88 12.6 14.2 14.2 210 -109791 H
NGC 6553 2.3 0.6 -0.3 45 245 -5 0.19 0.3 3.3 3.3 588 -179839 D
NGC 6558 0.9 0.0 -0.8 187 93 15 0.72 1.4 1.7 1.7 87 -217130 B
Pal 7 3.3 2.0 0.6 -74 270 27 0.26 0.8 6.0 6.0 1042 -147032 D
Terzan 12 3.5 0.7 -0.2 -94 172 97 0.33 1.3 4.3 4.4 625 -167749 D
NGC6569 -2.5 0.1 -1.3 -40 174 25 0.23 1.3 2.9 3.0 440 -182361 D
ESO 456-78 1.8 0.4 -0.6 71 199 -139 0.34 1.3 2.9 2.9 373 -186632 B
NGC 6584 -4.0 -4.0 -3.8 197 98 -238 0.83 12.9 17.9 18.0 556 -98089 H
NGC 6624 0.5 0.4 -1.1 -29 60 -119 0.78 1.3 1.5 1.5 37 -226410 B
NGC 6626 2.9 0.7 -0.5 -28 57 -93 0.75 1.9 3.1 3.1 169 -193067 H
NGC 6638 -0.9 1.3 -1.1 68 14 26 0.96 1.8 2.4 2.4 22 -212068 H
NGC 6637 -0.4 0.3 -1.6 35 91 85 0.94 1.7 2.4 2.4 40 -212500 H
NGC 6642 0.4 1.4 -0.9 112 25 -50 0.94 1.6 2.2 2.2 36 -215457 B
NGC 6652 -1.5 0.3 -2.0 -54 28 176 0.96 3.1 4.2 4.2 42 -183595 H
NGC 6656 5.2 0.6 -0.4 176 201 -143 0.53 3.5 9.8 9.8 1044 -125471 D
Pal 8 -4.0 3.1 -1.5 -21 117 -29 0.51 1.7 5.5 5.6 593 -160020 D
NGC 6681 -0.5 0.4 -1.9 221 55 -176 0.74 4.4 4.5 4.5 36 -167768 H
NGC 6712 2.1 3.0 -0.5 146 26 -146 0.94 3.9 5.5 5.5 93 -168544 H
NGC 6715 -17.3 2.5 -6.4 232 49 210 0.58 51.4 52.3 56.4 850 -48159 H
NGC 6717 1.5 1.6 -1.3 -10 116 25 0.59 1.4 2.8 2.8 251 -195762 H
NGC 6723 -0.0 0.0 -2.6 100 -178 -38 0.26 3.1 2.7 3.1 -2 -175356 H
NGC 6749 1.9 4.7 -0.3 -23 110 2 0.53 0.3 5.1 5.1 556 -167068 D
NGC 6752 5.0 -1.4 -1.7 -23 179 59 0.23 2.0 5.6 5.7 931 -147164 D
NGC 6760 2.3 4.3 -0.5 92 147 -15 0.44 0.5 5.5 5.6 724 -158732 D
NGC 6779 4.0 8.3 1.4 155 -15 99 0.96 9.4 12.4 12.4 -135 -119696 H
Terzan 7 -13.1 1.3 -7.8 260 25 185 0.54 41.3 41.0 42.9 335 -56545 H
Pal 10 4.7 4.7 0.3 -56 186 21 0.27 0.4 7.0 7.0 1234 -138495 D
21
Table A1. – Continued. Orbit parameters of globular clusters obtained in the NFWBB axisymmetric potential
Name X Y Z Π Θ W e Zmax Rmax rmax Lz E GS
kpc kpc kpc km/s km/s km/s kpc kpc kpc kpc km/s (km/s)2
Arp 2 -18.1 4.0 -10.1 243 68 181 0.57 55.6 58.7 65.1 1256 -43628 H
NGC 6809 3.4 0.8 -2.1 -199 76 -55 0.66 4.7 5.7 5.7 266 -154417 H
Terzan 8 -15.5 2.4 -10.9 269 37 161 0.57 49.9 50.9 58.5 584 -46785 H
Pal 11 -2.7 6.8 -3.6 -16 139 -7 0.40 3.6 8.1 8.2 1013 -132057 D
NGC 6838 6.1 3.3 -0.3 39 204 39 0.18 0.7 7.3 7.3 1423 -132307 D
NGC 6864 -9.4 6.5 -9.1 -99 18 48 0.94 12.8 16.4 16.4 209 -103615 H
NGC 6934 -0.8 11.7 -5.0 -289 103 122 0.88 15.4 40.8 40.9 1204 -63341 H
NGC 6981 -3.4 8.2 -9.2 -154 -4 170 0.97 15.9 22.3 22.3 -35 -89723 H
NGC 7006 -8.9 34.9 -13.7 -140 -33 86 0.90 35.5 55.8 56.3 -1170 -52073 H
NGC 7078 4.4 8.4 -4.8 8 118 -27 0.50 4.9 10.5 10.6 1119 -119947 D
NGC 7089 2.7 7.5 -6.7 170 -18 -173 0.94 13.0 18.8 18.8 -147 -97640 H
NGC 7099 3.4 2.5 -5.9 -32 -55 109 0.78 7.0 8.1 8.2 -234 -137480 H
Pal 12 -2.7 6.5 -14.0 146 304 115 0.65 61.9 68.2 72.0 2142 -41826 H
Pal 13 7.3 19.1 -17.6 268 -78 -78 0.83 78.3 84.3 87.1 -1586 -38661 H
NGC 7492 1.3 9.4 -23.5 -87 -13 64 0.80 27.8 28.0 28.1 -120 -77041 H
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Table A2. Orbit parameters of globular clusters in barred NFWBB potential
Name Ωbar = 31 km s
−1 kpc−1 Ωbar = 41 km s
−1 kpc−1 Ωbar = 55 km s
−1 kpc−1 Ωbar = 70 km s
−1 kpc−1
e [Lmaxz , L
min
z ] < Lz > e [L
max
z , L
min
z ] < Lz > e [L
max
z , L
min
z ] < Lz > e [L
max
z , L
min
z ] < Lz >
kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1
NGC 104 0.17 [ 1498, 1315] 1397 0.14 [ 1334, 1298] 1319 0.14 [ 1342, 1309] 1328 0.16 [ 1340, 1322] 1332
Pal 1 0.14 [ 3651, 3637] 3645 0.13 [ 3648, 3644] 3647 0.13 [ 3648, 3645] 3647 0.13 [ 3647, 3645] 3646
NGC 2808 0.86 [ 471, 445] 458 0.86 [ 461, 448] 456 0.87 [ 461, 449] 455 0.86 [ 471, 451] 461
E 3 0.24 [ 2259, 2231] 2243 0.24 [ 2249, 2229] 2240 0.23 [ 2245, 2235] 2240 0.21 [ 2242, 2235] 2239
NGC 4372 0.39 [ 992, 957] 972 0.42 [ 963, 835] 901 0.38 [ 964, 936] 951 0.41 [ 1010, 903] 946
NGC 4833 0.83 [ 293, 275] 285 0.83 [ 292, 273] 282 0.83 [ 290, 263] 277 0.83 [ 304, 277] 291
NGC 5139 0.68 [ -476, -448] -461 0.67 [ -468, -461] -464 0.67 [ -466, -460] -463 0.67 [ -466, -462] -463
NGC 5927 0.14 [ 1099, 1073] 1084 0.22 [ 1315, 1075] 1193 0.13 [ 1079, 1046] 1066 0.13 [ 1083, 1064] 1074
NGC 5946 0.87 [ 147, 126] 137 0.85 [ 147, 130] 139 0.86 [ 147, 137] 142 0.86 [ 152, 132] 142
ES0 224-8 0.20 [ 3261, 3244] 3253 0.19 [ 3253, 3245] 3249 0.19 [ 3249, 3245] 3247 0.19 [ 3248, 3245] 3247
NGC 5986 0.88 [ 104, 85] 94 0.86 [ 105, 89] 96 0.87 [ 108, 93] 100 0.86 [ 117, 92] 102
FSR 1716 0.34 [ 1104, 1061] 1080 0.31 [ 1121, 1075] 1101 0.31 [ 1103, 1076] 1088 0.31 [ 1099, 1071] 1086
BH 184 0.40 [ 568, 511] 546 0.40 [ 548, 522] 533 0.44 [ 591, 485] 543 0.38 [ 537, 515] 528
NGC 6093 0.81 [ 31, 21] 26 0.81 [ 28, 20] 24 0.81 [ 30, 20] 25 0.78 [ 37, 25] 31
NGC 6121 0.95 [ 64, 53] 59 0.95 [ 63, 52] 59 0.95 [ 64, 57] 60 0.94 [ 64, 57] 61
NGC 6144 0.46 [ -246, -238] -241 0.48 [ -244, -233] -239 0.45 [ -245, -239] -242 0.46 [ -244, -238] -241
NGC 6139 0.51 [ 254, 240] 249 0.48 [ 254, 240] 247 0.49 [ 256, 224] 241 0.48 [ 266, 246] 257
Terzan 3 0.32 [ 457, 433] 447 0.32 [ 459, 437] 448 0.37 [ 509, 426] 470 0.33 [ 447, 424] 436
NGC 6171 0.51 [ 196, 184] 191 0.55 [ 195, 183] 189 0.52 [ 200, 177] 188 0.50 [ 206, 184] 195
ESO 452-11 0.90 [ -19, -11] -15 0.90 [ -18, -13] -15 0.90 [ -18, -13] -15 1.00 [ -17, -0] -2
NGC 6218 0.31 [ 591, 569] 578 0.32 [ 591, 556] 572 0.31 [ 611, 574] 594 0.29 [ 602, 580] 591
FSR 1735 0.95 [ -27, -14] -21 0.93 [ -25, -18] -21 0.94 [ -27, -16] -21 0.92 [ -27, -14] -19
NGC 6235 0.46 [ 591, 564] 577 0.48 [ 580, 489] 536 0.47 [ 575, 555] 566 0.56 [ 644, 557] 600
NGC 6254 0.39 [ 611, 590] 598 0.38 [ 611, 577] 593 0.39 [ 636, 602] 620 0.38 [ 620, 602] 610
NGC 6256 0.92 [ 95, 32] 62 0.89 [ 88, 75] 81 0.90 [ 112, 72] 93 0.88 [ 85, 74] 79
NGC 6266 0.30 [ 223, 213] 218 0.29 [ 222, 213] 218 0.29 [ 226, 214] 220 0.31 [ 246, 214] 230
NGC 6273 0.80 [ -150, -140] -145 0.80 [ -150, -140] -145 0.81 [ -158, -140] -148 0.81 [ -149, -143] -146
NGC 6287 0.94 [ -68, -55] -60 0.93 [ -67, -50] -59 0.93 [ -67, -57] -62 0.93 [ -66, -56] -60
NGC 6293 0.79 [ -98, -88] -93 0.79 [ -96, -89] -93 0.79 [ -108, -90] -98 0.79 [ -96, -90] -93
NGC 6304 0.30 [ 488, 472] 482 0.31 [ 490, 472] 479 0.34 [ 531, 470] 502 0.31 [ 478, 437] 458
NGC 6316 0.75 [ 116, 102] 109 0.74 [ 114, 103] 107 0.74 [ 115, 103] 109 0.75 [ 138, 98] 118
NGC 6325 0.70 [ -120, -93] -105 0.67 [ -109, -102] -105 0.69 [ -108, -102] -105 0.65 [ -109, -104] -107
NGC 6333 0.81 [ 327, 310] 320 0.81 [ 328, 318] 322 0.81 [ 331, 317] 323 0.81 [ 331, 320] 326
NGC 6342 0.53 [ 124, 116] 119 0.51 [ 123, 114] 119 0.52 [ 125, 115] 120 0.54 [ 136, 112] 125
23
Table A2.– Continued. Orbit parameters of globular clusters in barred NFWBB potential
Name Ωbar = 31 km s
−1 kpc−1 Ωbar = 41 km s
−1 kpc−1 Ωbar = 55 km s
−1 kpc−1 Ωbar = 70 km s
−1 kpc−1
e [Lmaxz , L
min
z ] < Lz > e [L
max
z , L
min
z ] < Lz > e [L
max
z , L
min
z ] < Lz > e [L
max
z , L
min
z ] < Lz >
kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1
NGC 6356 0.50 [ 738, 706] 721 0.49 [ 713, 680] 697 0.51 [ 715, 691] 704 0.49 [ 730, 707] 719
NGC 6355 0.77 [ -100, -88] -93 0.75 [ -97, -89] -93 0.75 [ -100, -91] -95 0.78 [ -97, -91] -94
NGC 6352 0.23 [ 812, 759] 783 0.18 [ 828, 793] 807 0.24 [ 796, 622] 715 0.16 [ 795, 774] 786
Terzan 2 0.76 [ -49, -44] -46 0.75 [ -49, -44] -46 0.75 [ -48, -44] -46 0.78 [ -49, -43] -46
NGC 6366 0.42 [ 714, 690] 700 0.46 [ 740, 684] 712 0.41 [ 707, 676] 693 0.41 [ 703, 685] 693
Terzan 4 0.39 [ 100, 89] 94 0.35 [ 95, 89] 92 0.35 [ 95, 90] 93 0.35 [ 97, 91] 94
BH 229 0.77 [ -25, -18] -21 0.76 [ -26, -19] -22 0.78 [ -24, -19] -21 0.78 [ -25, -18] -21
NGC 6362 0.31 [ 599, 579] 587 0.33 [ 626, 577] 600 0.32 [ 584, 555] 572 0.32 [ 585, 568] 577
Liller1 0.68 [ -44, -41] -42 0.68 [ -44, -40] -42 0.67 [ -44, -41] -42 0.67 [ -44, -41] -42
NGC 6380 0.72 [ -106, -96] -101 0.72 [ -106, -99] -103 0.82 [ -109, -93] -101 0.74 [ -107, -99] -103
Terzan 1 0.61 [ 104, 93] 99 0.59 [ 104, 96] 100 0.63 [ 104, 84] 95 0.59 [ 104, 96] 100
Pismis 26 0.62 [ 305, 267] 286 0.63 [ 287, 269] 277 0.64 [ 279, 245] 262 0.63 [ 275, 262] 268
NGC 6388 0.46 [ -258, -250] -253 0.45 [ -262, -253] -257 0.47 [ -260, -253] -256 0.46 [ -258, -254] -256
NGC 6402 0.70 [ 173, 151] 162 0.68 [ 163, 151] 157 0.75 [ 225, 147] 187 0.68 [ 163, 149] 156
NGC 6401 0.47 [ -602, -579] -590 0.43 [ -598, -593] -595 0.44 [ -599, -593] -596 0.43 [ -598, -594] -596
NGC 6397 0.40 [ 820, 786] 800 0.40 [ 861, 762] 807 0.37 [ 799, 777] 790 0.38 [ 802, 773] 786
Pal 6 0.91 [ 61, 46] 54 0.94 [ 55, 42] 48 0.93 [ 64, 46] 55 0.93 [ 56, 48] 52
Djorg 1 0.84 [ 352, 336] 345 0.85 [ 353, 341] 347 0.84 [ 353, 339] 346 0.84 [ 354, 345] 349
Terzan 5 0.55 [ 113, 101] 107 0.55 [ 111, 103] 107 0.60 [ 111, 86] 98 0.55 [ 111, 102] 106
NGC 6440 0.68 [ -51, -47] -49 0.69 [ -51, -47] -49 0.68 [ -55, -43] -49 0.69 [ -50, -46] -48
NGC 6441 0.55 [ 236, 221] 230 0.55 [ 237, 223] 228 0.56 [ 236, 216] 226 0.60 [ 255, 206] 231
Terzan 6 0.76 [ -88, -73] -81 0.76 [ -81, -75] -78 0.76 [ -81, -76] -78 0.86 [ -92, -55] -73
NGC 6453 0.75 [ 129, 92] 108 0.73 [ 135, 120] 127 0.73 [ 133, 99] 118 0.74 [ 137, 122] 130
NGC 6496 0.50 [ 1154, 1099] 1125 0.50 [ 1125, 1102] 1110 0.49 [ 1134, 1101] 1119 0.48 [ 1117, 1098] 1107
Terzan 9 0.81 [ 40, 26] 34 0.82 [ 34, 27] 31 0.80 [ 31, 27] 29 0.80 [ 31, 27] 29
Djorg 2 0.54 [ 331, 314] 324 0.54 [ 330, 314] 320 0.56 [ 342, 313] 328 0.60 [ 322, 226] 275
NGC 6517 0.82 [ 141, 113] 130 0.83 [ 130, 118] 124 0.84 [ 171, 116] 146 0.81 [ 131, 117] 124
Terzan 10 0.83 [ 204, 187] 195 0.81 [ 201, 184] 192 0.83 [ 196, 173] 184 0.83 [ 215, 187] 203
NGC 6522 0.56 [ 64, 56] 60 0.57 [ 62, 56] 59 0.57 [ 63, 56] 59 0.57 [ 64, 56] 60
NGC 6535 0.62 [ -320, -301] -312 0.64 [ -324, -310] -316 0.63 [ -323, -316] -319 0.62 [ -321, -317] -319
NGC 6528 0.66 [ 53, 43] 48 0.65 [ 57, 46] 51 0.66 [ 54, 45] 49 0.68 [ 57, 40] 49
NGC 6539 0.32 [ 351, 336] 345 0.24 [ 351, 337] 343 0.26 [ 361, 308] 337 0.23 [ 364, 343] 354
NGC 6540 0.19 [ 454, 442] 448 0.19 [ 456, 439] 446 0.20 [ 463, 435] 448 0.30 [ 489, 323] 402
NGC 6544 0.97 [ 44, 25] 35 0.96 [ 37, 23] 30 0.96 [ 36, 26] 31 0.96 [ 35, 28] 32
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Table A2.– Continued. Orbit parameters of globular clusters in barred NFWBB potential
Name Ωbar = 31 km s
−1 kpc−1 Ωbar = 41 km s
−1 kpc−1 Ωbar = 55 km s
−1 kpc−1 Ωbar = 70 km s
−1 kpc−1
e [Lmaxz , L
min
z ] < Lz > e [L
max
z , L
min
z ] < Lz > e [L
max
z , L
min
z ] < Lz > e [L
max
z , L
min
z ] < Lz >
kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1 kpc km s−1
NGC 6541 0.56 [ 364, 334] 346 0.56 [ 348, 327] 337 0.59 [ 357, 271] 318 0.56 [ 342, 326] 334
NGC 6553 0.32 [ 592, 571] 584 0.31 [ 602, 580] 590 0.41 [ 740, 554] 650 0.30 [ 603, 573] 589
NGC 6558 0.77 [ 97, 85] 92 0.77 [ 98, 84] 90 0.75 [ 98, 86] 92 0.82 [ 127, 86] 108
Pal 7 0.32 [ 1046, 1004] 1021 0.33 [ 1043, 932] 1000 0.31 [ 1055, 1028] 1045 0.31 [ 1053, 1019] 1035
Terzan 12 0.32 [ 680, 606] 641 0.32 [ 629, 601] 613 0.35 [ 702, 610] 657 0.32 [ 641, 620] 632
NGC 6569 0.20 [ 444, 432] 438 0.19 [ 447, 432] 438 0.21 [ 459, 420] 439 0.20 [ 462, 423] 444
ESO 456-78 0.41 [ 380, 364] 374 0.40 [ 386, 369] 376 0.42 [ 409, 359] 385 0.40 [ 384, 354] 370
NGC 6624 0.39 [ 38, 35] 36 0.39 [ 37, 35] 36 0.39 [ 37, 34] 36 0.40 [ 38, 34] 36
NGC 6626 0.61 [ 175, 163] 170 0.62 [ 177, 161] 167 0.62 [ 175, 161] 167 0.69 [ 226, 138] 179
NGC 6638 0.85 [ 24, 15] 19 0.86 [ 28, 17] 23 0.89 [ 25, 17] 21 0.87 [ 25, 18] 21
NGC 6637 0.44 [ 44, 40] 42 0.46 [ 44, 39] 41 0.47 [ 44, 40] 42 0.51 [ 49, 39] 44
NGC 6642 0.85 [ 42, 26] 34 0.87 [ 39, 31] 35 0.87 [ 40, 32] 36 0.87 [ 38, 30] 34
NGC 6652 0.85 [ 47, 36] 43 0.86 [ 49, 39] 42 0.85 [ 47, 34] 40 0.84 [ 52, 41] 47
NGC 6656 0.56 [ 1053, 941] 994 0.56 [ 1055, 1033] 1045 0.55 [ 1056, 983] 1018 0.53 [ 1048, 1032] 1040
Pal 8 0.43 [ 616, 589] 600 0.44 [ 621, 587] 603 0.44 [ 594, 513] 550 0.44 [ 593, 571] 583
NGC 6681 0.94 [ 41, 27] 34 0.94 [ 43, 25] 34 0.94 [ 52, 23] 37 0.88 [ 38, 31] 34
NGC 6712 0.89 [ 108, 91] 99 0.89 [ 100, 86] 94 0.86 [ 102, 89] 96 0.85 [ 98, 90] 94
NGC 6717 0.31 [ 257, 246] 251 0.27 [ 251, 237] 245 0.26 [ 254, 239] 246 0.30 [ 254, 211] 234
NGC 6723 0.78 [ -12, 0] -4 0.94 [ -7, 0] -1 1.00 [ 9, -0] 0 0.90 [ -25, -0] -2
NGC 6749 0.46 [ 701, 555] 634 0.46 [ 567, 541] 553 0.53 [ 618, 474] 553 0.46 [ 570, 549] 561
NGC 6752 0.20 [ 946, 920] 932 0.26 [ 1113, 905] 1006 0.19 [ 938, 912] 925 0.19 [ 944, 921] 933
NGC 6760 0.40 [ 743, 712] 724 0.40 [ 733, 697] 713 0.41 [ 763, 722] 744 0.40 [ 746, 718] 727
Pal 10 0.25 [ 1248, 1209] 1225 0.27 [ 1315, 1221] 1272 0.25 [ 1263, 1231] 1244 0.26 [ 1263, 1182] 1223
NGC 6809 0.71 [ 268, 251] 260 0.70 [ 275, 242] 260 0.72 [ 274, 258] 266 0.71 [ 272, 259] 266
Pal 11 0.39 [ 1062, 1006] 1032 0.37 [ 1015, 982] 1001 0.37 [ 1018, 993] 1005 0.37 [ 1025, 1008] 1018
NGC 6838 0.17 [ 1443, 1390] 1411 0.17 [ 1457, 1403] 1435 0.16 [ 1440, 1417] 1428 0.16 [ 1434, 1418] 1427
NGC 7078 0.48 [ 1155, 1109] 1133 0.47 [ 1138, 1118] 1127 0.48 [ 1122, 1087] 1107 0.47 [ 1122, 1100] 1111
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